I Introduction

24
Concrete is brittle and highly sensitive to cracking. Its poor strain capacity and low tensile 25 strength have negative impacts on the lifetime of concrete structures. Besides, its mechanical 26 properties in tension are non-negligible for the design of concrete structures. Corres-Peiretti 27
and Caldentey [1] summarize the designer's point of view with regards to tensile strength 28 considerations in two points: the stiffening effect (which limits deflections of reinforced 29 concrete members due to the tensile capacity of the material) and the risk of brittle failure 30 (which leads to the minimum reinforcement required in concrete structures). Because of the 31 possible interaction between delayed behaviour (creep and relaxation) and damage, the former 32 has to be perfectly understood in order to evaluate the risk of cracking in concrete elements. 33 Stresses induced by shrinkage can be relaxed of more than 50% due to tensile creep which 34 can thus hinder crack formation according to Altoubat and Lange [2] . However, it does not 35 mean that cracking is totally stopped by such relaxation phenomenon. Actually microcracks 36 can still propagate even if the external load decreased due to stresses relaxation, mostly for 37 high stress levels at which viscoelatic behaviour of concrete becomes non-linear [3] . The final 38 aim of this paper is to improve knowledge of tensile creep in concrete by comparing basic 39 creep in tension, basic creep in flexure and basic creep in compression at different loading 40 levels. 41
II Literature review
42
Tensile tests on cement-based materials are not easy to perform because the material is brittle 43 and the strains are small, thus difficult for most extensometers to measure accurately [4] . How 44 to fix the samples to the loading device [5] is also an important issue. For all these reasons, 45 very few studies have been devoted to tensile creep of concrete. Most tensile creep 46 experiments on cement-based materials have been performed at early age [6, 7] and even at 47 6 performed on non-loaded companion specimens having the same shape and size as the loaded 153 specimens. Deformations of the specimens were monitored over a long period of time using 154 long-service-life strain gauges, 60 mm in length and equipped with a stainless steel metallic 155 support that provides resistance to capillary water rise. Special glue allowed firm and durable 156 contact between the specimen and the strain gauge. 157
Autogenous shrinkage results obtained for three different batches (batches 1, 2 and 3 in Figure  158 1, corresponding to creep levels at 30, 40 and 50% of the concrete tensile strength) and for 159 two different specimen sizes (specimens 1 were 70×70×280 mm prisms and specimens 2 were 160 100×100×500 mm prisms) are reported in Figure 1 . As expected, shrinkage strain values were 161 low and did not exceed 20 µm/m after 80 days of measurement. When the measurement 162 accuracy was taken into account, results indicated a low dispersion among specimens, either 163 from the same batch or from different batches. During this experimentation, it has been 164 verified that the use of three aluminium layers prevented mass loss (no mass variation was 165 detected during the first 100 days; the weighing scale resolution was of 1 g for mass higher 166 than 3 kg). 167
III.2 Creep devices 168
• Compressive creep test apparatus 169
The experimental device, the loading process, and the specimens have been described in 170 detail by Munoz [35] and Ladaoui [36] . Compressive creep devices are equipped with 171 hydraulic jacks. Each one allows simultaneous loading of 2 specimens. Longitudinal 172 deformations are recorded by means of inductive transducers located within a reservation 173 created during casting by placing a removable metallic insert in the mould axis. The central 174 steel rod (along the central axis of the specimen, Figure 2 ) is fixed to the lower part of the 175 specimen by a steel nut embedded in the concrete during casting. The LVDT sensor is fixed to 176 the upper part of the specimen. The displacement of the magnetic core located on the steel rod 177 provides the deformation of the specimen which was measured on a base length of 115 mm. 178
Previous studies [35] showed that the strain measurement uncertainty is equal to 9 µm/m and 179 that the difference with an external measurement (on three lines on the surface of the 180 specimen) was lower than 5%. The loading and strain measurements were performed in 181 accordance with the RILEM recommendations [37] . 182 7
• Tensile creep test apparatus 184
A schematic description of the tensile creep test apparatus is given in Figure 3 . The tensile 185 creep test set-up was a rigid frame with a hinged lever arm ( in Figure 3) . The lever arm 186 ratio was 5/1. A 70×70×280 mm prismatic specimen was loaded by using calibrated 187 weights stacked on a platen . The load was transmitted to the specimen through a cable, one 188 end of which was welded to a steel cap glued on one side of the specimen while the other end 189 was hinged to the frame . A screw system located at the bottom of the rig allowed the 190 horizontality of the lever arm to be controlled. A stopping device located below the lever arm 191 The same long-service-life gauges (60 mm in length) than for shrinkage strain measurements 203 were used for the specimens in tension. 204
• Flexural creep test apparatus 205
The flexural creep apparatus (Figure 4 ) was similar in principle to the oedometric device 206 used in soil mechanics. In this case, the soil specimen was replaced by prismatic concrete 207 specimens. The load was applied, as in the case of tension, by means of calibrated weights 208 stacked on a platen ( in Figure 4) fixed to a hinged lever arm . The lever arm ratio was 209 also 5/1. Through I-shape steel beams equipped with two metal rollers acting as simple 210 supports and a rigid frame connected to the lever arm, two 100×100×500 mm prismatic 211 concrete specimens were loaded in a four-point bending configuration with a distance of 460 212 mm between the lower supports and 175 mm between the upper supports. The specimens, 213 which were placed in a thermally insulated box to minimize the impact of an accidental 214
variation of temperature, were tested simultaneously. In bending, concrete creep causes 215 8 deflection. If creep in tension and in compression were different, a displacement of the neutral 216 axis would also be observed. In order to characterize this behaviour, at least two 217 measurements were necessary. Therefore, strain was measured with strain gauges on the 218 upper and lower sides of the beam and on the initial neutral axis on each specimen. The strain 219 monitoring system used for the flexural test was the same as the one used in direct tensile 220 tests. 221
IV Experimental results
222
IV.1 Modulus of elasticity upon creep loading 223
The loading was applied quasi-instantaneously at the beginning of the creep test in order to 224 avoid both dynamic and time-dependent effects in the apparatus and in the specimen [25] . 225
During loading, the material first underwent instantaneous (elastic) strain followed by viscous 226 strain. The Young's modulus of concrete could be calculated from the stress applied and the 227 instantaneous strain measured. Table 3 Table 2 . 236
The Young's modulus values range between 40,610 and 45,610 MPa for all specimens upon 237 loading. Taking into account the scattering due to measurement inaccuracies and concrete 238 heterogeneity, the differences between the moduli at loading appeared to be small for the 239 three batches and the three types of loading. These values were not significantly different 240 from the Young's modulus obtained during a conventional strength test [38] . The loading 241 intensity did not affect initial stiffness, which indicates that the mechanical behaviour was 242 quite linear for a stress level ranging up to 30 to 50% of the compressive or tensile strength. 243
After removal of the load, an increase in stiffness could be observed for all specimens, except 244 for the batch corresponding to compressive creep at 30%. It may have been caused by the 245 9 effect of material ageing due to continuing hydration of anhydrous cement grains or by a 246 consolidation effect of the material due to creep [19, 39] . 247
IV.2 Results of creep measurements 248
The aim of this study was to assess the effect of the stress level (applied stress / quasi-249 instantaneous strength ratio) on compressive creep and tensile creep. The stress levels were 250 chosen between 30% and 50% of the compressive or tensile strength because the mechanical 251 behaviour is assumed to be linear in this stress range and, in practice, civil engineering 252 presented in Figure 1 ) in direct tension, in compression and in bending have been plotted in 288 Figure 6 for the three stress levels. 289
Typical compressive creep curves exhibiting high initial kinetics were obtained (Figure 6-a) . 290
The results show that compressive creep depends on load level: for two different stress-291 strength ratios, namely 30% and 50%, compressive creep strains diverge from each other after 292 a few days of loading. For the HPC mixture studied in this paper, non-linearity apparently 293 occurs between 30 and 50%. 294
Tensile creep strains were expected to be small [21-23] and of the same magnitude as 295 shrinkage strains. In order to analyze such results, it was necessary to obtain shrinkage strains 296 for stress-free specimens in the same curing conditions as for loaded specimens. Each 297 specimen in tensile creep was associated with a control stress-free specimen (same shape, 298 same size and cast in the same batch in order to minimize scatter). Both specimens were kept 299 in the same thermally insulated box. Shrinkage strain was measured on the control specimens 300 with gauges identical to the ones used for the loaded specimen. The shrinkage subtracted to 301 the total strain of each specimen was the mean of the two measurements performed on the 302 control specimen. This way of superposing creep and shrinkage is a common approach that 303 assumes that the shrinkage of a loaded specimen is equal to the shrinkage of an unloaded one 304 shrinking while the shrinkage strains measured on the control stress-free specimens have been 308 11 subtracted. The results were more scattered than for compressive creep and no specific trend 309 was found with regards to the stress level. It is important to note that the scatter of strain 310 measurement is quite small between two gauges stuck on a same specimen and mainly due to 311 small flexural moment during loading (the deviation between two gauges appeared at the 312 beginning of the test with little evolution during the creep tests - Figure 5-c and d) . Moreover, 313 the same gauges were used for bending creep tests which present smaller dispersion ( Figure  314 6-c). Therefore, the scatter was not mainly caused by the measurement system. Scatter of 315 tensile creep strain appears between different specimens and can be explained by usual 316 scattering of concrete response in tension. Concrete properties are usually more scattered in 317 tension than in compression (Table 2) Such results had already been reported by Reinhardt and Rinder for basic creep at high 363 loading levels on high performance concrete loaded after 28 days [28] . As already explained 364 by these authors, the increase in creep cannot be negative. It implies that the shrinkage of 365 loaded specimens may be greater than the shrinkage obtained on control, stress-free samples. 366
When concrete is loaded, it will crack even at a stress levels lower than 20% in direct tension 367
[26]. According to Rossi et al. [23] , these cracks could generate a brutal internal hydric 368 imbalance resulting in a phenomenon similar to drying which causes additional shrinkage. 369
Cracks could also cross anhydrous grains of the cement paste and increase their hydration 370 kinetics. This continuation of hydration would induce further autogenous shrinkage and could 371 partially compensate damage and even lead to an increase in strength. This is in accordance 372 with Reinhardt and Rinder's observations pointing out that the relative humidity decreased 373 more in the loaded specimens than in the stress-free specimens during basic tensile creep 374 13 experiments [28] . It can be concluded that the more microcracked the concrete is, the greater 375 the additional shrinkage strain will be. This interaction between the two phenomena is similar 376 to the Pickett effect demonstrated for the creep of concrete in compression [25, 42, 43] . 377 Indeed, this effect has been explained through the role of skin cracking and of the decrease of 378 humidity [25] . For specimens in tension under stress level lower than 50% of the tensile 379 strength, the creep loading does not cause localized cracks and the subsequent failure. 380
However, the instantaneous loading could cause damage as observed with acoustic 381 measurements or with ultrasonic pulse velocity techniques in [27, [44] [45] . Using these non-382 destructive techniques, authors reported that the first damages were detected from 30% of 383 tensile strength. Moreover, microcracks have been detected for creep test at stress level of 384 30% of the strength and it has been noticed that creep strains is proportional to the number of 385 microcracks created in the material [23, 41] . As a consequence, creep is associated to damage. 386
Notwithstanding the propagation of microcracks could be limited by the presence of voids or 387
aggregates. In that case, induced damage could have a less effect on mechanical properties 388 than the continuous hydration of cement and could not be detected at unloading. In such 389 conditions, during the tensile creep tests, damage would not lead to increase the strain due to 390 localized cracks. However it could be sufficient to cause additional contraction strains due to 391 the decrease of humidity (due to continuation of hydration) as for the Pickett effect. Even 392 small damage and consequences on shrinkage could cause the variation of capillary 393 depression necessary to induce additional shrinkage which could explain the observed 394 negative slope. 395
In this analysis, the strain recorded during the flexural creep tests contributes additional 396 information. In the bending creep tests, only a small fraction of the volume is loaded up to the 397 nominal stress level. The measured compressive strength was about 20 times larger than the 398 tensile strength. The compressed zone in the bending specimen was thus loaded at a level less 399 than 2% of the compressive strength. In the tension zone, only the lowest portion (extreme 400 fiber) of the beam was really loaded at the nominal stress level. Although the cross-section 401 remained plane [46] [47] , only a fraction of the specimen height was subjected to a really high 402 stress rate. In bending tests, the average stress level over the cross section is less than 50% of 403 the nominal stress, thus restricting damage. Moreover, the non-uniformity of the stress and 404 strain fields in flexure specimens contributed to stable microcracking control. It allowed 405 larger local deformations than in a uniform field case without unstable propagation of cracks 406
[48]. Consequently, the additional cracking-induced shrinkage was no longer significant, 407 14 explaining why the curve slopes corresponding to creep strains in direct tension and bending-408 induced tension were not identical ( Figure 6-b and c) . In flexure, creep strains appeared to be 409 the same in flexure-induced compression and in bending-induced tension as already observed 410 for direct tension and compression performed in water [21] . In this case, the effect of 411 shrinkage on concrete is probably cancelled or at least largely reduced. No significant 412 differences were observed for the three loading levels and basic creep appeared to be fairly 413 linear in flexural creep (flexure-induced tension and flexure-induced compression) between 414 30 and 50% of the tensile strength, in contrast with the non-linearity observed for compressive 415 creep (Figure 6) . 416
While basic creep appears to be different in tension, in bending and in compression, the 417 recovery in the direct tensile creep experiments was roughly the same as in bending and 418 compression. As a consequence, the reversible part of creep appears to be the same for the 419 three loading modes and the difference of basic creep should possibly be searched in the 420 irreversible part of creep for which damage plays a prominent role. But it also means that 421 during recovery, shrinkage was quite the same for all the specimens. If shrinkage strains were 422 really modified for loaded specimens compared to stress-free specimens (perhaps in 423 interaction with damage), probably due to the closure of microcracks this effect stopped when 424 the specimens were unloaded. On-going experimentations with longer recovery period will 425 allow these points to be clarified. 426
V.4 Comparison of tensile, compressive and flexural basic creep 427
The specific basic creep in compression, in tension and in bending obtained after deducting 428 instantaneous strain and shrinkage strain (presented in Figure 1 ) is plotted in Figure 8 
